Although recanalization is the goal of thrombolysis, it is well recognized that it fails to improve outcome of acute stroke in a subset of patients. Our aim was to assess the rate of and factors associated with "futile recanalization," defined by absence of clinical benefit from recanalization, following endovascular treatment of acute ischemic stroke.
T he goal of IV and IA thrombolytic therapy in acute stroke is to recanalize an occluded vessel to salvage ischemic but still-viable brain tissue. Recanalization correlates with good clinical outcome in most, but not all, reported literature. 1 Futile recanalization occurs when successful recanalization fails to improve the functional outcome.
In the IMS II trial, 60% (33/55) of subjects treated with IA rtPA via the MicroLysUS infusion catheter (EKOS, Bothell, Washington) or standard microcatheters had partial or complete reperfusion (TIMI grade 2 and 3). Of those 33 subjects, 15 (55%) had a 3-month favorable outcome as measured by an mRS score of 0 -2. 2 Other major studies did not specifically report the rate of futile recanalization. Yet, there was always a mismatch between recanalization and favorable outcome rates, suggesting that futile recanalization occurs in variable proportions regardless of treatment strategy. In the PROACT II trial, 3 the recanalization rate was 66%, while the rate of favorable outcome was 40% (26% mismatch). A similar pattern was documented in the Combined Lysis of Thrombus in Brain Ischemia by Using Transcranial Sonography and Systemic TPA trial (82% recanalization, 51% favorable outcome), 4 the MERCI trial (68% recanalization rate, 34% favorable outcome), 5, 6 and the Multi MERCI trial (68% recanalization rate, 32% favorable outcome). 7 Given the resources required for and risk associated with endovascular treatment, [8] [9] [10] it is important to identify the subset of patients who will not benefit from recanalization. The aim of our study was to assess the rate of and factors associated with futile recanalization following endovascular treatment among patients with acute ischemic stroke.
Materials and Methods
We combined individual patient data from 6 studies of patients treated with IA thrombolysis in the setting of acute ischemic stroke. All studies were approved by local institutional review boards. The methodology and results of all 6 studies as well as the compilation and patient selection process for current analysis are summarized in Online Tables 1-3, respectively. Study A. Study A prospectively evaluated the safety of mechanical disruption of thrombus following a full dose of IV rtPA in the setting of acute stroke within 3 hours of symptom onset. Favorable outcome (1-3 months; mRS score, Յ2) was determined by either a clinic visit or a telephone interview.
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Study B. Study B was a prospective nonrandomized open-label trial aimed at evaluating the safety of IA reteplase in conjunction with IV abciximab in patients with acute ischemic stroke presenting 3-6 hours after symptom onset. The primary end point was symptomatic ICH at 24 -72 hours, and secondary end points were partial or complete recanalization, early neurologic improvement at 24 hours, and favorable outcome at 1 month (mRS score, Յ2). The study was approved by the US Food and Drug Administration and was overseen by an independent data and safety monitoring board.
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Study C. Study C prospectively evaluated the safety of the MicroLysUS infusion catheter (EKOS) (a standard microinfusion catheter with a ring sonography transducer tip) for acute embolic stroke treatment. The secondary goal was to assess the efficacy of sonography-accelerated thrombolysis in improving clinical outcomes.
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Study D. Study D retrospectively assessed the rate of reocclusion and its effect on clinical outcome after IA thrombolysis for acute ischemic stroke. Favorable outcome (1-3 months; mRS score, Յ2) was determined by either a clinic visit or a telephone interview.
14 Study E. Study E was a case series of consecutive patients who presented to an academic center with ischemic stroke, had angiographically confirmed arterial occlusion, and were treated with IA thrombolysis. Favorable outcome (1-3 months; mRS score, Յ2) was determined by either a clinic visit or a telephone interview.
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Study F. Study F was a case series representing the experience of another academic center. Consecutive patients with acute ischemic stroke treated with IA thrombolysis were included. Functional outcome was assessed 3 months after the index event by using the mRS. Several articles have been published on the basis of these data. [16] [17] [18] [19] [20] In each of the 6 studies, neurologic evaluation including the NIHSS score was documented before the procedure, 24 hours after the procedure, and on day 7 or discharge. Radiologic evaluation with CT scan of the head was performed before the procedure and 24 -48 hours after. CT scan was also performed whenever neurologic deterioration occurred. Angiographic occlusion and recanalization were classified by interventional neurologists or neuroradiologists by using either the TIMI grading scale 21 or the Qureshi grading scale. 22 The TIMI is a point scale from 0 (complete occlusion) to 3 (complete recanalization), which was originally developed to assess arterial occlusion and perfusion in patients with myocardial infarction and was later adopted for use in stroke by the PROACT II trial. 2 The TIMI grading system does not account for occlusion location or collateral circulation. The Qureshi grading system is a scale from 0 (best possible score) to 5 (worst possible score), which angiographically classifies arterial occlusion and recanalization. The Qureshi grading system was specifically designed for ischemic stroke to address the limitations of the pre-existing TIMI grading system. The Qureshi grading scale has been validated for use in acute stroke ( 
Statistical Analysis
Patient characteristics were descriptively compared across studies. The study sample was dichotomized on the basis of favorable outcome into futile and nonfutile recanalization groups. Univariate analysis was performed to compare the 2 groups with respect to demographic, clinical, and radiologic variables, as well as rates of outcome events. The exact 2 test was used for categoric data; analysis of variance, for continuous data; and the Kruskal-Wallis test, for nonparametric variables. We performed the test for heterogeneity to identify the possibility of 1 study skewing the results of the combined analysis.
There was statistically significant heterogeneity between the studies. Multivariate analysis was performed to study predictors of futile recanalization by using the generalized linear model with logit link, which takes into account the structure of the data (patients within study) and provides more conservative estimates of association. Variables selected for the multivariate analysis were age, initial NIHSS score, initial severity of arterial occlusion defined by Qureshi grade, and time to treatment. Selection was based on clinical rather than statistical significance. A test for interaction was performed for statistically significant main effect predictors. A P value Ͻ .05 was considered significant. All analyses were performed by using SAS statistical software (SAS, Cary, North Carolina).
Results
The initial compilation resulted in a sample of 270 patients treated with pharmacologic and/or mechanical IA thrombolysis. Sixteen patients were excluded for the following reasons: lack of initial occlusion (n ϭ 11), lost to follow-up (n ϭ 3), age Note:-The interobserver variability and correlation with recanalization and short-term favorable outcome and mortality have been previously described in patients with acute ischemic stroke undergoing intra-arterial thrombolysis.
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Ͻ18 years (n ϭ 1), and undocumented time of symptom onset (n ϭ 1) (On-line Table 3 ). Complete recanalization was observed in 96 (38%) of the remaining 254 patients. Patients with complete recanalization had a mean age of 65 Ϯ 15 years; 39 (40%) were women. The median initial NIHSS score was 16 (range, 4 -42) . The median initial Qureshi grade was 3 (range, 1-5). The occlusion was located in the MCA (64%), ICA (18%), BA (11%), VA (6%), and PCA (1%). Median time to treatment was 256 minutes (range, 60 -780 minutes). Five patients (5%) developed symptomatic ICH. Some of the patients' characteristics were different across studies, reflecting the differences in the inclusion/exclusion criteria. For example, study C was the only study to have an upper limit for age (77 years); thus, it had the youngest cohort of patients. Study D inclusion criteria required an initial NIHSS score of Ն16 and had the highest initial NIHSS score, while study B inclusion criteria required NIHSS scores of 4 -23 and had the lowest initial NIHSS score (On-line Tables 1 and  2 ). Patients with complete recanalization were further divided on the basis of their functional outcome. Favorable outcome (1-3 months; mRS score, Յ2) was observed in 49 patients (51%), while 47 patients (49%) had futile recanalization.
In univariate analysis (On-line Table 4 ), patients with futile recanalization were older (73 Ϯ 11 versus 58 Ϯ 15 years, P Ͻ .0001) and had higher initial median NIHSS scores (19 versus 14, P Ͻ .0001), more frequent basilar artery occlusion (17% versus 4%, P ϭ .049), and less frequent MCA occlusions (64% versus 76%, P ϭ .032). The symptomatic hemorrhagic complication rate was nonsignificantly higher in the futile recanalization group (9% versus 2%, P ϭ .2). Time to treatment was not significantly different, with a median of 263 minutes (range, 60 -540 minutes) for the futile recanalization group versus 240 minutes (60 -780 minutes) for the nonfutile recanalization group (P ϭ .38). There was no correlation between time to treatment and initial NIHSS score based on the Spearman rank correlation (Ϫ0.113, P ϭ .27). Occlusion severity was not significantly associated with futile recanalization in the univariate analysis but was highly correlated with NIHSS score (P ϭ .0024).
Rates of futile recanalization were significantly different across source studies (P ϭ .01, On-line Table 3 ); therefore, study variation was incorporated in the multivariate model by using a generalized linear model. In the multivariate analysis, age Ͼ70 years was independently associated with futile recanalization (P ϭ .0008). Both NIHSS score strata (NIHSS score, Ͼ10 and NIHSS score, Ͼ20) were independent predictors, with a statistically significant trend (P ϭ .0001). Interaction between age and NIHSS strata was not significant.
Time to treatment stratum 3-6 hours was associated with futile recanalization compared with the time stratum Ͻ3 hours (P ϭ .045). However, time stratum Ն6 hours was not associated with futile recanalization (P ϭ .27). Overall, there was no significant trend across the 3 time strata. We also studied the association between time to treatment (as a continuous variable) and clinical outcome to avoid diluting the effect by limiting the analysis to only the trichotomized variable. Time to treatment as a continuous variable had no effect on clinical outcome. Initial occlusion as measured by Qureshi grade was not significantly associated with futile recanalization (Table   2 ). Multiple models were subsequently created to assess the predictive value of circulation type (anterior versus posterior circulation) and MCA occlusion sites, but no association was found.
Discussion
In this pooled analysis of patients with acute ischemic stroke treated with IA thrombolysis, almost half of the patients who had complete recanalization of a visualized arterial occlusion met our definition of futile recanalization. This does not preclude the benefit of partial recanalization. In the IMS II trial, 45% of the patients who had partial or complete reperfusion (TIMI 2 and 3) had poor outcome (ie, futile recanalization). 4 Other major studies did not report the outcome of recanalized patients; therefore, futile recanalization rate cannot be calculated.
Predictors of Futile Recanalization
Our analysis showed that futile recanalization was associated with age of Ͼ70 years and NIHSS score of Ͼ10. In the NINDS trial, all age groups benefited from treatment, but patients Ͻ75 years of age and patients with an NIHSS score of Ͻ20 had the greatest potential for a favorable response. 29 In a post hoc analysis of the PROACT II trial, age Ͼ68 years and NIHSS score of Ͻ20 were predictors of good outcome in multivariate analysis. 30 Other case series reported age Ͻ60 years and NIHSS score of Ͻ10 as predictors of good outcome. 31 Current thrombolysis guidelines by the American Stroke Association recommend caution when dealing with "severe" strokes, without specifying a threshold NIHSS score, 8 because of the increased risk of symptomatic hemorrhagic complications.
In most IA trials, inclusion criteria are an upper limit for age, again because of safety reasons.
9 This is usually set at 80 years, 4 ,32-34 though 75 35 and 85 years 2,36 have also been used. In a pooled analysis of 101 patients from 4 prospective studies, patients Ն80 years had a lower likelihood of favorable outcome (OR, 0.34; 95% CI, 0.1-1.1; P ϭ .07) and higher mortality rates (OR, 3.62; 95% CI, 1.15-11.36; P ϭ .027) following IA thrombolysis for acute stroke after adjusting for recanalization. 37 In another retrospective analysis, patients Ն80 years had significantly lower survival rates (57% versus 80%, P ϭ .01) and lower excellent functional outcome rates, defined as an mRS score of 0 -1 (26% versus 40%, P ϭ .02). 38 In both studies, initial stroke severity, time to treatment, and rate of symptomatic ICH were similar in both age groups.
In our analysis, time to treatment stratum 3-6 hours was associated with futile recanalization, but there was no overall association between outcome and time to treatment as a continuous or trichotomized variable. The effect of time to treatment was studied in the NINDS trial. Patients treated within 90 minutes benefited more than those treated in 90 -180 minutes. 29 A pooled analysis of 3 major IV thrombolysis trials showed a correlation between time to treatment and favorable outcome but also showed that the upper limit of the treatment window may be as late as 5-6 hours. 39 In IA thrombolysis, the current recommended time window is 6 hours based on the PROACT II data. 2 Other studies showed that IA thrombolysis benefit can be extended beyond that window, particularly in the posterior circulation. [40] [41] [42] This is supported by perfusiondiffusion MR imaging studies showing that mismatch (potentially salvageable tissue) does exist even beyond 24 hours. 43 The lack of effect of time to treatment as seen in previous studies may be related to greater severity of neurologic deficit in patients presenting early after symptom onset and a greater level of caution used in treating patients who present late after symptom onset. 44 We did not see any correlation between time to treatment and initial NIHSS score (Spearman rank correlation, Ϫ0.113; P ϭ .27). However, we cannot exclude the possibility that outcomes may be inadvertently biased to better outcomes by a more careful selection of patients who present later after symptom onset, and thus obscuring the effect of time to treatment (cherry-picking phenomenon). 45 It is also possible that the heterogeneity of treatment protocols has influenced the exact time to recanalization as opposed to time to initiation of treatment.
There was a trend toward more hemorrhagic complication in the patients with futile recanalization, who were also significantly older than those in the nonfutile recanalization group. It is possible that the overall neurologic and medical complications rate was higher in the futile recanalization group and led to poor functional outcome.
Possible Mechanisms of Futile Recanalization
Good collateral circulation can sustain tissue viability until recanalization occurs, and it was shown to influence outcome. 46, 47 Proximal occlusion affects larger areas of brain tissue compared with distal occlusion and, subsequently, is associated with poor outcome.
22, 48 Reocclusion of a revascularized vessel can occur immediately, 14,49 several hours after thrombolysis, [50] [51] [52] or within the first 24 hours after thrombolysis. 53 Subacute reocclusion was angiographically demonstrated in 9% of patients with acute stroke treated with IA thrombolysis and was associated with a trend toward a higher rate of neurologic deterioration. 53 The existence and the extent of salvageable penumbra can conceivably affect outcome. 54 Hypoperfusion volumes predicted final infarct volume in 1 study. 55 In another study, hypoperfusion was observed in 42% of patients several hours after IA recanalization for acute stroke (median time to recanalization, 5 hours; range, 4 -8 hours). Most hypoperfused tissue demonstrated infarction on day 7. Selective neuronal loss in rescued penumbra has been reported and linked to initial hypoperfusion. 56 Microvascular compromise (also termed the "no reflow phenomenon") is another important factor that can prevent effective tissue perfusion at the capillary level despite macrovascular patency. This is secondary to plugging of microvessels by leukocytes and platelets due to activation of endothelial receptors. 57 Microvascular compromise has been associated with poor outcome after percutaneous transluminal coronary angioplasty for a first acute myocardial infarction. 58, 59 To our knowledge, this issue has not been studied in the setting of acute stroke.
Limitations of the Study
Study limitations include the retrospective nature of the analysis, the heterogeneity in methodology and results of the source studies, and the lack of adjustment for medical comorbidities. The potential benefit from partial recanalization was not explored. There is an undefined component of variability in categorizing angiographic severity and recanalization response in patients included in the study, due to interpretation by multiple readers. We dichotomized the grades of the angiographic scales used to reduce interoberserver variability. Defining favorable outcome by an mRS score of Յ2 may not detect minor clinical benefit related to recanalization (eg, a shift in mRS score from 5 to 3). However, mRS grades of Ͼ2 have been consistently used to define poor outcomes in trials evaluating endovascular treatment in patients with acute ischemic stroke. 2, 4 Finally, the findings on the initial CT scan, which is an important factor in clinical decision making, were not collected consistently and, therefore, are not included in the present analysis. Serial diffusion and perfusion MR imaging data were not available, which would have allowed us to mechanistically define the role of microvascular compromise and reocclusion. While there is a possibility that the quantitative estimates of futility may have been different with greater standardization, we do not think that the basic findings of the study would have been affected.
Conclusions
In a large pooled analysis, we observed that futile recanalization is a relatively common occurrence following endovascular treatment, particularly among elderly patients and those with severe neurologic deficits. Further studies need to explore the mechanisms underlying futile recanalization and develop methods to effectively exclude such patients from receiving endovascular treatment in various protocols. 
